Colonial hosts offer unique opportunities for exploitation by endoparasites resulting from 27 extensive clonal propagation, but these interactions are poorly understood. The freshwater 28 bryozoan, Fredericella sultana, and the myxozoan, Tetracapsuloides bryosalmonae, present 29 an appropriate model system for examining such interactions. F. sultana propagates mainly 30 asexually, through colony fragmentation and dormant propagules (statoblasts). Our study 31 examines how T. bryosalmonae exploits the multiple transmission routes offered by the 32 propagation of F. sultana, evaluates the effects of such transmission on its bryozoan host, and 33 tests the hypothesis that poor host condition provokes T. bryosalmonae to bail out of a 34 resource that may soon be unsustainable, demonstrating terminal investment. We show that 35 infections are present in substantial proportions of colony fragments and statoblasts over 36 space and time and that moderate infection levels promote statoblast hatching and hence 37 effective fecundity. We also found evidence for terminal investment, with host starvation 38 inducing the development of transmission stages. Our results contribute to a growing picture 39 that interactions of T. bryosalmonae and F. sultana are generally characterised by parasite 40 persistence, facilitated by multiple transmission pathways and host condition-dependent 41 developmental cycling, and host tolerance, promoted by effective fecundity effects and an 42 inherent capacity for renewed growth and clonal replication.
Spore production coincides with periods when bryozoan hosts are able to support 156 energetically-demanding infections. This is supported by laboratory feeding trials height. The material collected was retained in aerated river water at room temperature for 24h 178 prior to examination of individual colony fragments (using a stereo-microscope at 10-40x 179 magnification) to count the number of zooids (to characterise fragment size), to identify overt 180 infection (requiring dissection to confirm the presence of T. bryosalmonae sacs), to determine 181 if mature statoblasts were present, and if dead/moribund (no functional zooids). Fragments 182 were then preserved in 100% EtOH. Fragments that were not overtly infected were screened 183 using PCR (see below) to characterise proportions of uninfected and covertly infected 184 fragments. The number of fragments screened by PCR was determined by availability or, 185 when numerous, by haphazardly choosing 30-40 fragments per root. 186 187 (c) Statoblasts 188 We undertook further analyses of data for material collected in southern England as reported 189 in Abd-Elfattah et al. (2014) and present new data on statoblast infection intensity. Briefly, F. 190 sultana maternal colonies were subsampled from three root systems in the Rivers Avon and 191 Dun on 29/08/12 and 05/09/12, respectively. Statoblasts were collected from these colonies 192 and routine methods were employed to assess hatching. These entailed storing in deionised 193 water at 4°C for 5 months to simulate winter and then placing statoblasts in artificial pond 194 water at 20°C to allow hatching over a 7 day period. Infection status of maternal colonies and 195 statoblasts is described in Abd-Elfattah et al. (2014) . We present results of Generalised we have never observed F. sultana statoblasts to hatch after 7 days using our routine 202 methods, it is unlikely that infection status would have influenced hatching. 203 204 (d) Response to host starvation 205 Haphazardly chosen branches (of ~3-5 zooids in size) of F. sultana were detached from three 206 submerged alder tree root systems in the River Itchen (SU49860 32170) during relatively 207 favourable conditions for bryozoans (10/09/13). Detached branches were placed in cool water 208 for transport to the laboratory. Mixing of fragments ensured their random placement in 209 groups of 12 on 60 plastic petri dishes (20 dishes per treatment) for three days to induce 210 attachment via the adherent growing tips. The attaching colony fragments (henceforth 211 referred to as colonies) were acclimated to laboratory conditions by daily additions of food-212 rich water (approx. 2mL) from bryozoan culture systems (mesocosms). We note that recovery 213 from field collection is likely to have initially compromised host condition as it requires 214 healing and attachment to the substratum. Infection status could not be determined a priori 215 because covert infection detection requires PCR and field-collected bryozoans are opaque, 216 precluding detection of overt infections. Any infections present were gained in the field prior 217 to collection, as transmission is achieved by spores released from brown trout Salmo trutta 218 Linnaeus, 1758.
220
Petri dishes with attached colonies were placed into a bryozoan culturing system (mesocosm, 221 representing benign conditions) and into two aerated tanks with diluted mesocosm water 222 (representing starvation conditions). The benign condition treatment (henceforth referred to F o r P e e r R e v i e w 11 treatments consisted of two aerated 10L tanks filled with deionised water. In one tank 227 (Dilution 1), 0.5L of deionised water was replaced by mesocosm water every other day. In a 228 second tank (Dilution 2), 1L of mesocosm water replaced deionised water every other day.
229
The tanks in all treatments were exposed to constant light and relatively warm temperature 230 (18 ± 0.5°C) conditions. Our laboratory studies demonstrate that low temperatures and 231 reduced food levels inhibit overt infections of T. bryosalmonae and reduce the growth of F. 232 sultana. Thus, by conducting starvation experiments at a relatively warm temperature that is 233 conducive to sac production we could determine specifically the effects of food deprivation. 234 We note that the temperature employed is relatively high but not unprecedented.
235
Temperatures experienced by bryozoans taken at the site on the River Itchen where material 236 was collected ranged from 6.9-15.1ºC (as measured once every 45 days over one year).
237
Temperatures up to 16ºC were measured at a site on the River Cerne (Dorset, UK) where 238 infected bryozoans are present (as measured once every three weeks from spring to autumn: Estonia where brown trout are infected by T. bryosalmonae. Petri dishes were placed in 241 inverted positions in tanks to prevent sedimentation and smothering of colonies. From the 242 third day onwards 9-11 colonies were removed every other day from each treatment and 243 dissected to determine their infection status and severity and to assess colony growth and 244 mortality. The first determination of infection status thus took place seven days after colonies 245 were collected. This first experiment (Experiment 1) was run for 11 days (13/09/13 to 246 24/09/13). To test for consistency and time-dependency of responses and to determine whether the 253 imposed starvation conditions eventually led to reduced growth and increased colony 254 mortality, a transplant experiment (Experiment 2) was conducted following the 11-day 255 Experiment 1 using all the available material. Because the chlorophyll a concentrations did 256 not differ between the two dilution treatments and preliminary analyses suggested similar Contamination was variously controlled. We retained bryozoans for 24 hours to purge any 281 ingested spores via faeces and to promote breakdown of free spores (the soft spores of T. Linear Models (GLMs) that assumed a binomial error distribution were used to test 289 differences between the proportions of covertly-infected fragments in early and late summer 290 in the three rivers and also between the proportions of infected colonies between host 291 starvation treatments and experimental shredding dates. GLMs that assumed a Gaussian error 292 distribution were used to test differences in the: mean infection severity of covertly infected 293 fragments between rivers and months; mean infection intensity of infected statoblasts 294 between rivers; mean fecundity of infected and uninfected maternal colonies; and mean 295 covert infection severity and respective sampling dates in the host starvation study. A 296 Gaussian error distribution was used for these response variables as parasites are typically 297 log-normally distributed. GLMs that assumed a Poisson error distribution were used to test 298 differences in colony size according to host starvation treatment, shredding dates within 299 treatments and the last experimental day. Colonies were not expected to vary in size amongst 300 treatments at the start of the experiment as these were randomly allocated. The GLM results Relationships between infection state, features of hosts and parasites (Table 1) 
306
The infection state variables were: 1) infection status of fragments or statoblasts (presence vs. presence. Variability in numbers of fragments and statoblasts and in infection intensity and 314 severity between rivers, roots, months and maternal colonies was investigated graphically.
315
Random effects models were then built to find the optimal random structure using restricted 316 maximum likelihood estimation (REML) and maximum likelihood estimation (ML) for 317 infection intensity and status (presence/absence), respectively. Univariable analyses were 318 used to explore the influence of each fixed explanatory variable (Table 1) were not included (when they explained little variability), models were run with only fixed 329 effects using a GLM with the appropriate error distribution. In this case, we then proceeded 330 with the same approach as in GLMM to optimise the model so that only significant 331 explanatory variables (P ≤ 0.05) were retained. 346 We collected a total of 717 bryozoan fragments (live colonies or dead but with statoblasts) 347 from the three roots in each of the three rivers in early (n = 391) and late (n = 326) summer.
348
Overall, 204 fragments were covertly infected, 204 were uninfected and six were overtly 349 infected. A further 303 fragments were not overtly infected and were not screened by PCR. of infection by 1.040 times (odds ratio). The optimal model had a random intercept (i.e. we 377 assumed the effect of colony size on infection status is the same for all dates per root, 378 between roots and between rivers) and a non-random slope. Notably, statoblast production 379 was not significantly associated with fragment infection status. ) and was therefore specified as a random effect in the GLMM to assess the 402 significance of fixed explanatory variables (Table 1) . Only hatching status came close to our 403 significance threshold (Likelihood Ratio Test: χ 2 = 3.713, d.f. = 1, P = 0.054), with hatched 404 statoblasts being 3.28 times (odds ratio) more likely to be infected than unhatched statoblasts, Some 40% of the colonies successfully attached to petri dishes (n = 299 of 720). Similar 449 proportions of infected colonies were assigned to the treatments (Table S1 ) (assessed a (b) Impacts on host 548 We found that infection generally promoted statoblast hatching-hatched statoblasts were >3 549 times more likely to be infected than unhatched statoblasts. Infections therefore increase the Spore production may not only be timed to coincide with periods of host vigour but might 575 also be induced if hosts are highly stressed and resource quality is poor. In short, parasite 576 fitness may be threatened if hosts are likely to disappear. We have addressed this issue and 577 provide the first demonstration that bryozoan host starvation and impending death may 578 provoke transmission. In particular we found that overt infections were expressed 579 disproportionately in hosts subjected to low food levels. Notably, parasites were apparently 580 able to detect and respond to cues associated with poor host condition and to produce overt and Okamura, 2012) and warmer temperatures (Tops et al. 2006; Tops et al. 2009 ). Overt 631 infections also peak in the field during periods of bryozoan growth (Tops, 2004) . A resistance 632 scenario would thus imply that immune responses suppress overt infections during sub-633 optimal or adverse conditions for bryozoans. We pose two arguments against this view. First, Table 2 . Summary data on the number of colony fragments that were collected from the Rivers Avon, Dun and Itchen in each of the two 816 sampling periods. Data are the total number of fragments for each sampling period (and the number of fragments on Roots 1, 2 and 3) that were: 817 alive but not producing statoblasts (-stats); alive and producing statoblasts (+ stats); dead with no statoblasts (-stats); dead with mature 818 statoblasts (+ stats). The last three columns provide data for the number (and percentage) of covertly infected and uninfected fragments that were 819 identified by PCR for Roots 1, 2 and 3, and the number (and percentage) of overtly infected fragments that were identified by dissection. See
F o r P e e r R e v i e w
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Materials and Methods for further details on sampling to determine infection status. (1, 2, 6) 1 (0, 0, 1) 10 (31%), 20 (69%), 10 (33%) 22 (69%), 9 (31%), 20 (67%) 2 (5%), 1 (3%), 1 (1%) Sept 124 (29, 12, 83) 18 (3, 0, 15) 44 (22, 7, 15) 5 (0, 0, 5) 12 (38%), 3 (25%), 11 (50%) 20 (63%), 9 (75%), 11 (50%) 0
Itchen June 13 (0, 3, 10) 0 1 (0, 0, 1) 0 0, 2 (67%), 3 (30%) 0, 1 (33%), 7 (70%) 0 
Supporting Information
The following Supporting Information is available for this article online: Appendix S1. Methods used to extract chlorophyll-a from water samples taken from each treatment.
Appendix S2. Methods used to detect covert infections and to estimate infection intensity semiquantitatively. To estimate chlorophyll-a concentrations 3 x 2L (V sample ) water samples from each treatment and a control (deionised water) were collected at the end of the experiment with the exception of the undiluted treatment where 1L replicates were collected. Each water sample was filtered through a Whatman ® glass microfiber filter, Grade GF/D (diameter 4.25cm), which was then preserved at -80℃ in a 50mL plastic tube wrapped in foil to exclude light. An ethanol extraction protocol was used on the frozen filters. Each filter was suspended in 20mL of 100% EtOH and boiled for 3sec in a water bath (at 78.5℃). The tubes were agitated and allowed to stand in the dark overnight at room temperature to extract the pigments. The next day 2.22mL of water was added to make a 90% EtOH solution, the filters were removed and the tubes were centrifuged for 7min at 3000rpm. The extract was decanted into 15mL plastic tubes and its volume measured (V extract ).
The pigment extract solution was pipetted into cuvettes with 10mm cell pathlength (d) and the absorbance was measured at wavelengths of 665nm (for chlorophyll-a; A 665 ) and 750nm (to correct for background turbidity; A 750 ) using a Shimadzu UV-1800 UV/Visible Scanning Spectrophotometer. The undegraded chlorophyll-a (µg/L) was calculated using the formula: DNA was extracted from bryozoan samples (fragments, maternal colonies and statoblasts) using a hexadecyltrimethylammonium bromide (CTAB) protocol (Tops & Okamura 2003) . To detect covert infections we undertook a PCR assay using primers diagnostic for T. bryosalmonae 18S rDNA [514F_new (5'-ATTCAGGTCCATTCGTGAGTAACAAGC-3') and 776R (5'-GCTGATACACCCAATTAAGGGCAG-3')] to produce an amplicon of 244bp using PCR cycling conditions as described in Hartikainen, Fontes and Okamura (2013) . Each sample was subjected to two separate PCR reactions, which were analysed in parallel as described below.
PCR products were run in a standardised fashion on 1.5% agarose electrophoretic gels, stained with GelRed TM (250mL 1x TAE (Tris-acetate-EDTA), 3.3g agarose and 8.3µL GelRed TM ). 3µL of each PCR product (V product ) and 2.5µL of Bioline HyperLadder™ I were loaded to gels, the latter being added to every gel row. Gels were run in fresh 1x TAE at 100v in a large Fisherbrand ® Horizontal Electrophoresis Apparatus Model HU13W for 45min and were visualised on a UVP EpiChemi TM II Darkroom with a UVP UV transilluminator, always using the same settings. Infection intensity (ng of amplified parasite DNA per µL) was characterised semi-quantitatively (see below) from gel images inferred from two separately-run PCR replicates.
The maximum pixel intensity per gel band was measured using the 1D-Multi analysis tool in AlphaEase ® FC version 6.0.0 with a "rubber band" background subtraction method. The product's molecular weight ( 
